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INTRODUCTION:

Tyrosine kinases, while a minor class of protein kinases, represent a major class of
oncogenes. They are involved in the growth and metastasis of prostate cancer cells (for examples, 1-
3)and play key roles in tumor sensitivity to radiation and chemical-induced apoptosis. They are
valuable prognostic markers and important targets for intervention (2,4). Kinase inhibitors have
recently shown tremendous efficacies and promises in the treatment of human cancers (for reviews
see 7 and 8; 9,10). Thus, there is a need to identify the tyrosine kinases expressed in a cancer cell,
especially the differentially expressed ones. It has been estimated that there are about 1000 to 2000
protein kinases encoded by the human genome and about 100 of them (i.e., 10%) are tyrosine
kinases (6). With nearly all the human genome sequences determined, we now have an accurate
count of the number of tyrosine kinases encoded by human genome. In a recent Oncogene review
written by my graduate students and postdoctors (24), we showed that there are human 90 tyrosine
kinase genes and 6 pseudogenes. In a given cell at a given stage, 30 to 50 of them are expressed, a
number that is large enough to give tissue or tumor specific characteristics, but small enough to be
determined by a simple screen. The present proposal describes an innovative and effective means to
display expressed tyrosine kinases of a given prostate cancer cell type, using a single RT-PCR
reaction and analyzed by a single gel. Aberrantly expressed or novel tyrosine kinases can be readily
identified. There are two major tasks of this proposal:
1. To develop a complete tyrosine kinase display of prostate carcinomas.
2. To identify tyrosine kinases expressed in responses to hormones, drugs and extracellular stimuli.

BODY OF PROGRESS REPORT (April, 1999 to Oct. 2001)
Task 1: To develop a comprehensive tyrosine kinase display of prostate cancer cells.
Comprehensive tyrosine kinase profiles of prostate cancer cells

We have made significant progress toward this aim. A comprehensive, if not exhaustive,
analysis of the tyrosine kinase content of 5 prostate cancer cell lines, LNCaP, CWR22R, DU145,
PC3 and MDA-Pca2b, TsuPrl has been done. MLCSV40 was used as a control for normal prostate
epithelial cells, so were PrSC (prostate stromal cells) and PrEC (prostate epithelial cells), normal
primary cultures purchase from Clonetics. In addition, we developed the tyrosine kinase profiles of
three androgen-independent LNCaP variant cell lines (cdsl to 3), derived by our colleague Dr.
Xubao Shi. These profiles provide enormous amount of information about signal pathways, as
tyrosine kinases are key transmitters of signal transduction. We found that each cell, cancer or
normal, generally expresses about 30 to 40 tyrosine kinases, many of which have potential to interact
or crosstalk with each other to form a signal network. It expresses a total of 34 tyrosine kinases, of
which 21 are receptors and 13, non-receptors. The receptor tyrosine kinases include erbB1, erbB2,
erbB3, ephAl, ephB1, ephB2, ephB3, ephB4, Nyk, Sky, Ddr1, Ddr2, PDGFRb, FGFR1, FGFR2,
IGFR, MET, Ron, Ret, TrkA, and VEGFR. The non-receptor tyrosine kinases are src, fyn, yes, brk,
frk, csk, etk, abl, arg, jak1, tyk2, fak, and pyk2. We also conducted a microarray analysis (UA95,
Affymetrix) of the same sample, and found that the tyrosine kinase display approach described here
is much more sensitive for low-copy number tyrosine kinases.
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In general, the androgen responsive prostate cell lines display a pattern more similar to each
other than to androgen-independent cell lines. For instance, FGFR4 is expressed in androgen-
independent DU145 and PC3, but not in LNCaP and CWR22R. Likewise, ErbB3 is highly expressed
in androgen dependent lines LNCaP and CWR22, but much less in DU145 and PC3. By contrast,
Axl kinase is suppressed in LNCaP and CWR22, but not in DU145 and PC3. These data, taken
together raise the possibility that some of the kinases such as Axl, RON and FGFR4 may be
involved in androgen independence, whereas ErbB3 may be involved in differentiation phenotype
(as both DU145 and PC3 are more undifferentiated). This is consistent with the our previous results
that treatment of LNCaP by neuregulin or heregulin , the ligand for erbB3 induces cell spreading,
stress-fiber formation and the acquisition of a more epithelial-differentiation phenotype (19). In
collaboration with Ming-Chie Hung’s lab, the tyrosine kinase display approach was used to study
kinases that are involved in breast cancer progression. Interestingly, a kinase that is expressed in
cancer cells resistant to apoptosis, but suppressed in E1 A transfected cells, which undergoes
apoptosis turns out to be Axl (11). These results taken together suggest that Axl may be involved in
the protection of hormone-sensitive cancer cells from hormone-withdraw induced death. Without
Ax], the cancer cells (LNCaP, CWR22 and E1A treated breast cancer cells) remain highly sensitive
to hormone. Conversely, overexpression of Axl may be one reason why these cells become
hormone independent. Further pursuit of the relationship of Ax1 and hormone independence seems
to be warranted. In addition, perhaps non-coincidentally, Mer/Nyk, the kinase found overexpressed
in prostate cancer but not normal cells is a relative of Ax1. Based on a comparison of the tyrosine
kinase profiles of normal prostate cells, PrSC and PrEC with all other cancer cell lines reveal that
Nyk/Mer is consistently expressed at a higher level. Nyk/mer is a kinase originally cloned by us (16,
18) and independently Dr. Earp’s lab at UNC, Chapel Hill (17). We showed previously that Nyk has
a high transforming potential (16), consistent with its being involved in prostate cancer progression.
We also found that the third member of this family of receptor tyrosine kinase, Sky, is also
overexpressed in prostate cancer cells. These kinases as a family are generally involved in cell
adhesion and cell movement. DU145 and PC3, in which Ax! and Sky are highly expressed are
known to be involved in cell motility and invasion. The involvement of this family of kinases in
metastasis of prostate cancer deserves future attention.

* the complete tyrosine kinase profiles of prostate cancer cells are being included in a
manuscript under preparation to be submitted to Nature Medicine

Validation and characterization of the tyrosine kinases uncovered by TK profile

As described in the previous progress report, our task in the last year of the grant period was
to validate the expression of the tyrosine kinases uncovered in the tyrosine kinase profiles of prostate
cancers. As described above, the Axl family kinases will be a focus and the other one is Etk, which
was originally cloned from CWR22 cells and shown to be critically involved in prostate biology.
Due to the limited time remained in the grant, we chose to focus on Etk.

The first novel kinase uncovered based on tyrosine kinase profiles is Etk (25,26). Because of
its relevance to prostate growth and biology, we made a conscious effort to study this kinase and set
up a number of productive collaborations to fully characterize this kinase. Etk is a new member of
the Btk family of kinases (27), which distinguish themselves from others by having a pleckstrin-
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homology (PH) domain at the N-terminus (27,28,29,30). Btk was uncovered as a kinase whose germ-
line mutation leads to defects in B-cell development or Bruton’s syndrome. Soon after, ITK and Tec,
the other members of this family were discovered and found to be critical in T cell development. Etk
is the newest member of this family. Unlike, Btk, Itk and Tec which are primarily associated with
hematopoietic cells, Etk is predominantly expressed in epithelial and endothelial cells, (and hence the
name Etk).

Our progress on Etk is summarized as follows. We showed that Etk plays an important role in
antiapoptosis, motility and neuroendocrine differentiation of CaP cells (25,31). It transforms
epithelial cells when overexpressed and its expression is elevated in metastatic cancer cells (32). The
reason that Etk can engage several signal pathways is likely due to its modular structure allowing it to
form complex with a large number of signal molecules. In addition to the PH domain, Etk contains a
SH3 domain and a SH2 domain, all involved in protein-protein interaction (27). The PH domain also
binds lipid, PI (3,4,5) P3. In the unbound form, the PH domain negatively regulates Etk activity.
Removal of the PH domain by caspase cleavage (33) or its binding to proteins such as PTPD1 (34)
and FAK (31) all result in “opening” up the kinase domain. This allows Src-like kinases to
phosphorylate tyrosine residue 566, leading to maximal activity (32,35). The attached figure
illustrates how FAK can activate Etk by serving as an anchor site for both Etk and Src.

We know very little about the downstream effectors of Etk. Our work and our collaborators’
work have identified STATI, 3, and 5 as direct substrate of Etk, and can account for the activation of
cyclin D and p27 by Etk. In addition, PAK, p21-activated kinase, is also a direct substrate of Etk.
PAK is known to activate JNK and p38 MAPK pathways (36). By analogy to other members of the
Btk family members, likely there are more effectors to be discovered in the future.

As one of the objectives to validate the functional significance of discovered new tyrosine
kinases, we asked the question whether Etk is involved in prostate cancer progression, especially at
the stage of transition from androgen dependence to independence. Based on the tyrosine kinase
profiles, we know that src, FAK and Etk are all expressed in LNCaP, an androgen-dependent prostate
cancer cell line. From our work as well as others, we know that Fak associates with both Src and Etk
but at different sites. There has been considerable interest in understanding whether neuroendocrine
differentiation of prostate epithelial cells plays an important role in prostate cancer progression. The
number of neuroendocrine cells increases in advanced prostate cancers and serum chromograinin and
neuropeptide level is higher in androgen-independent prostate cancers. The latter molecules are
markers of neuroendocrine differentiation. Gastrin-releasing peptide (homolog of amphibian
bombesin) and neurotensin are neuropeptides released by neuroendocrine cells after trans-
differentiated from prostate epithelial cells. Bombesin is known to activate src and Fak, through G-
protein coupled receptors. We therefore investigated whether Etk, or the Src-Fak-Etk complex, is
involved in the transition between androgen-dependence to independence. Our hypothesis is that
neuropeptides such as bombesin and neurotensin can under certain circumstances substitute for
androgen, and their signals through tyrosine kinases activate androgen receptor (in the absence of
ligand). Our study in the last year provided strong evidence for this hypothesis. Taking advantage of
our precise knowledge of the variety of tyrosine kinases in LNCaP, we studied the activation of the
10 non-receptor tyrosine kinases (the antibodies of the remaining three are not of high quality and the
results were inconclusive) upon bomebsin treatment, and found indeed Src, Fak and Etk are
prominently activated. We then showed that bombesin can substitute androgen to sustain the growth
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of LNCaP in charcoal-stripped media and thus can serve as a progression factor, converting LNCaP
from androgen-dependent to independent state. This conversion requires Etk, FAK and Src, as
dominant-negative mutants of these kinases or selective inhibitors of these kinases block this
conversion. Our results uncover one mechanism whereby androgen-independence can be achieved
and suggest that tyrosine kinase inhibitors, which have shown significant promises in cancer
treatments, may be used in conjunction with anti-hormone in the treatment of prostate cancer.
Importantly, these results illustrate the utility of tyrosine kinase profiling and verify the expression
analysis.

*The results will be published in Mol. Cell Biol. 2001, in press.

Other results Using Cy3 and Cy5-dCTP (Amersham) during the reverse-transcription-polymerase-
chain reaction, we have done a systematic analysis of using capillary electrophoresis to study the
digestion profile, in an effort to automate the display. The results are clear and promising. However,
we also found that the quantitation is not as good as phosphoimaging of the autoradiogram. The
intensity range using fluorescence is relatively small. Thus this approach will allow us to identify
the types of kinases in a sample with high throughput set up, but the quantitation or the expression
level measurement will be compromised. We have also surveyed 5 tumor specimens with matched
normal control samples. We face the same problems as others dealing with microarray analysis; the
heterogeneity of the samples makes the interpretation difficult. We are anxiously waiting to improve
the signal amplification approach so that laser-dissected samples can be used. Thus far, the results
have not been promising.

Task 2: To Identify tyrosine kinases expressed in responses to hormones, drugs and
extracellular stimuli.

Androgen treatment With androgen treatment, we have identified a novel kinase AIK
(androgen induced kinase), the human homolog of rat MAK (male associated kinase) that is
activated about 6 fold at the transcriptional level (20, 23). A full-length cDNA was cloned and used
to study its expression level. The expression of this kinase is restricted to testis and hence the term,
male-associated kinase. Normal prostate tissues do not express this kinase at a high level nor do the
cancer tissues. However, after androgen treatment, the expression level of this kinase becomes
higher. To confirm this observation, a real-time PCR was used to quantify the level of MAK in
LNCaP cell line after androgen treatment. Real time PCR is a recently developed approach, which
permits precise quantitation of the RNA concentration by monitoring the reaction kinetics of the
PCR, thus making PCR quantitative (21). Our lab has a Biorad, iCycler instrument, which allows
us to conduct such an analysis. Briefly, specific primers that can amplify MAK transcripts are used
to generate RT-PCR products. The thermocycle at which the reaction reaches 50% yields the rate of
reaction, which is proportional to the initial concentration of the transcript. Different concentrations
of DHT (synthetic androgen) were used and the results are summarized in Fig. 3. The induction is at
the highest level when 10 nm DHT is used; higher or lower concentrations all have less potency.
There are two conclusions drawn from this result. First, it is clear from this quantitative analysis that
MAK expression is induced by DHT, confirming the tyrosine kinase display results, and attests to
the sensitivity of the display approach (the expression level of MAK is so very low, beyond the
detection by standard Northern analysis). Second, the dose response curve of MAK induction
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parallels that of the growth response, indicating that MAK may be involved in mediating DHT
induced growth of LNCaP cells. To our knowledge this is the first protein kinase, which is induced
by androgen at the transcription level. Together with the recent finding that androgen signals
induces MAP kinase (22), this result strengthens the hypothesis that androgen receptor signaling
may involve kinase and phosphorylation cascade. It will be of great interest to study the kinases
involved in such as cascade. It is conceivable that deregulation of some of these downstream
kinases may account for androgen-independent growth. Inhibition for these kinases could either
terminate the constitutive signals or restores the hormone-sensitivity. Thus, there is a great need to
understand the nature and the mechanisms of action of MAK. From the structural data, we know
this kinase is in the dual-kinase family (i.e., sequences are similar to kinases which phosphorylate
both serine/threonine and tyrosine residues). The catalytic domain carries motifs analogous to both
MAPK and cdc2. We also know now that there are two other related kinases in the same family.
They are MRK and MOK. MOK is also testis specific, but does not seem to be induced
transcriptionally by androgen; MRK is ubiquitously present in many tissues.

Growth induction: In the original proposal, we also wished to test whether growth
conditions would alter the tyrosine kinase expression profiles. We did a careful analysis of the cell
density effect on the expression profiles. There are two reasons to conduct this type of experiment;
first, when the cells reach certain density, they usually slow down their growth and the tyrosine
kinase profile may identify kinases involved in this process. Second, the increased density facilitates
cell-cell communication and we may be able to identify kinases that respond to cell-adhesion
signals. Tsu-Prl cell line was used to test how cell-cell communication may affect the kinase
expression. Cells grew to 30%, 70%, 100% or >100% (i.e., piling up) confluency were used. An
example is given on the right panel of Fig. 1., where RNA isolated from Tsu-Pr1 cells grown to
different density was subject to RT-PCR and restriction digestion. The kinases and their expression
level were identified as before. We found that the expression of most of the kinases was not
affected by cell density. There are however, a few interesting exceptions. The expressions of EGFR
and FGFR3 decrease, as cell density increase, whereas those of RON and JAK3 increase. It would
be of interest to define the nature of the cell-cell communication that mediates this transcriptional
regulation and to understand the roles of the above kinases in regulating growth and senescence.
This project is ongoing and will be extended to the next grant period.

Validation and characterization of kinases induced by ligands

As in task1, we have focused on defining the functional significance of the uncovered
kinases based on TK profiling in the last year of the grant period. We wish to demonstrate
that increased expression of MAK by androgen treatment as detected by TK profiling is not
an artifact or a peculiarity of LNCaP cells. To this end, To this end, we isolated a 4 kb
5’flanking segment containing the promoter of MAK gene from a BAC library of human
genome. A luciferase reporter gene is linked to the promoter and transfected into LNCaP
cells, followed by treatment with DHT at different concentrations and at different time
points. The results completely confirm the tyrosine kinase profile result in that the MAK
promoter is activated about 6 fold at 1 nM of DHT. The kinetics of induction and the dose-
response curves coincide with those obtained by real time RT-PCR. These results verify the
sensitivity and accuracy of the TK profiling approach and also suggest that the induction by
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hormone is primarily at the transcription stage. Within the promoter, there are several ARE
(androgen responsive element) and ARR (androgen responsive related element), potential
binding sites for androgen receptor. Ongoing experiment investigates whether these
elements are responsible for the induction. If so, this is a gene directly targeted by androgen
receptor, a transcriptional factor, which can serve as another indicator for androgen receptor
activity in prostate cancer cells. We also made significant stride in understanding the possible
role of MAK in androgen signaling. Our hypothesis is that this kinase would facilitate the
transcriptional activity of androgen receptor by phosphorylating either the receptor itself or
coregulators associated with the receptor. We found that MAK directly associated with AR.
Whether it phosphorylates AR and other coactivators remain to be established. Again, these
are extremely interesting leads that may shed lights into androgen signaling pathways and
attests to the power of the tyrosine kinase profile approach.

* A manuscript on the discovery of MAK and its transcriptional activation by DHT is
being written up for submission to J. Biol. Chem.

Other results

We have conducted an extensive analysis of possible tyrosine kinases transcriptionally
regulated by cytokines, apoptosis inducing agents, growth factors, and hormones. While
subtle variations have been observed, in general, most of the tyrosine kinases are not
regulated at the transcriptional level, which is consistent with their activation by
phoshorylation and posttranslational modifications. As reported above, we did identify at
least one, MAK, which is consistently upregulated by DHT and confirmed it is at the
transcriptional level by the isolation of the promoter. Our results on density-dependent
activation of tyrosine kinases are interesting. Unfortunately, the cell line we used to study
the density dependence, Tsu-prl, turns out to be of bladder origin as recently uncovered by
Dr. Gary Miller’s lab. While this does not diminish the finding, but it becomes less relevant
to this proposal.

KEY RESEARCH ACCOMPLISHMENTS

¢ Established comprehensive tyrosine kinase profiles for 10 prostate cancer cell lines (LNCaP,
CWR22, CWR22R, DU145, PC3, Tsu-Pr1, MDA-PCA2b, cdsl, cds2, cds3), one immortalized
prostate epithelial cells (MCSV40), and two primary prostate cultures of stromal and epithelial
cells.

¢ Identified several kinases whose expressions vary among androgen-dependent and —
independent cell lines.

¢ Uncover tyrosine kinase Etk and its critical role in androgen-independent growth associated
with neuroendocrine differentiation.

¢ Discovery of a new kinase whose expression is induced by DHT, an androgen analogue.

¢ Uncover the dual kinase MAK and shown that it’s promoter is transcriptionally activated by
DHT, and that it associates with androgen receptor and enhances the transcription by androgen
receptor.

¢ The tyrosine kinase display approach developed here has now been used by at least 10
laboratories, which resulted in the identification of at least six tyrosine kinases as potential
tumor markers for colon cancer, gastric cancer, breast cancer and EBV-transformed cells.
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REPORTABLE OUTCOMES
Hsing-Jien Kung, Clifford G. Tepper, and Ralph W. deVere White. Tyrosine kinases and cellular
signaling in prostate cancer (2000) pp241-266 Prostate Cancer: Biology, Genetics and the
New Therapeutics ed. by Chung L.W K, Isaacs W.B., and Simons J. W.. Human Press Inc.,
Totowa, NJ
Yun Qiu and Hsing-Jien Kung. Signaling network of the Btk family kinases (2000) Oncogene
19:5651-5661.
Li-Fen Lee, Junlin Guan, Yun Qiu and Hsing-Jien Kung. Neuropeptide-induced androgen
independence in prostate cancer cells: the roles of non-receptor tyrosine kinases Etk/Bmxc,
Src and FAK. (2001) Molecular Cell Biology, 21(24) Dec.

CONCLUSIONS

The conclusion of this proposal has led to the identification of an androgen inducible kinase
MAK, which enhances the transcriptional activity of androgen receptor and is associated with
androgen receptor. This kinase promises to play a key role in androgen signalings and may be
involved in prostate cancer progression. The results of this proposal also uncovered a new tyrosine
kinase Etk, involved in neuroendocrine differentiation and neuropeptide-induced androgen
independence. This kinase forms a complex with src and FAK, and is critically involved in
antiapoptosis and cell motility. In addition, the tyrosine kinase profile approach has led to the
discovery of at least one member of the Ax! family of kinases (e.g., Ax], Nyk or Sky) is
overexpressed in prostate cancers. These kinases are known to be involved in antiapoptosis and cell
migration. They are potential targets for inhibition. The tyrosine kinase display approach
developed by this proposal offers an efficient and rapid approach to identify the content and
quantities of tyrosine kinases. Since tyrosine kinases are master switches controlling a variety of
cellular responses including growth, apoptosis, differentiation, migration, metastasis, chemo- and
radio-sensitivity, knowledge about the kinases involved opens avenues to 1). Understand the
complex signal pathways; 2). Design strategies for modulating the behavior of cancer cells; 3)
Sensitize cancer cells toward chemo- and radiotherapies; 4) Develop inhibitors for kinases or
associated signal molecules to inhibit cancer cell growth. 5) Develop agents that may restore
hormone-dependence or eliminate hormone-independent cells. As described, the protocol of our
approaches have already been shared with al least 10 labs, resulting at least 8 publications by
various labs.
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